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DESIGN CHA:;'"rs FOR CROSS- FLOW TU'clULAR INTERCOOLEH3 
CllARGE- ACROSS- TUBE TYPE 
By J . Geor ge Reuter a nd Michael F . Val erino 
SUMHAR' 
On the "asio of cux-rcnt heat - transfer theory, e quations are 
pY'eElent ed re1at h1fj"hc various dimonsions , the air mass f10rl , and 
-t,lle pel~f01~.nance of a cross- flow tubular intercooler in w'hich the 
charge t'l0wS acrOBS and the cooli-ng air throuBh tho tubes . Based 
on these equnt.i-ons , design chartr3 are presenterl from \Thich tl: e 
intej'cooll3'l' des ten c laY'acter'tst ice and the intercool er performance 
can l,e qui :.)kly o0teimined . 
A un.i t Vas tested con:-listh1c of sjx staege"f'ed tanks , e:lch con-
sis'cing of 28 phospilOr- bl 'onzo tUl)OS havinG a length of 8 i nchea, 
an ou.ter d l amete-' of 0 . 313 inCl , and a wall thickness of 0 . 006 
inch . The spB,cing bet1·reen the tubes was 0 . 012 inch . The perform-
ance obtained .,ith this t ost 'mit closely checked the c·:;tlcula.ted. 
perfo'.'lnance and ind cated that intorcoolers of the annular tJ'Po 
hav l n a relativeJ.;y small nlllu1 ;or of tube banks may lie toth pl'ac-ci -
cable and effic-Lent ,·'hhout the addition of excessive weight or 
volume to aL'Cl'aft-8ng:lne sU1?0rcllarGe~ tnstallaMons . 
Tho perf . nnnnCG of a Gross- f lo.! tubular i nt ercooler is shmm 
t o be p:'a~ticD.lly inde ondcnt of tile fnel - air f'8.1Jio of tlw eng :.ne 
cll8.l'ge n t a cha r_ e o ti.tlot t empCt 'atu.re of 140 0 F . 
INTRODUCT:LON 
Among tho vnrio1.1,s devtces i'C'T. increasing the povor of the 
aircra :'t engine, the in t· ercoalc:!: holds a prcminor t place . Its 
uS8fulness i.B t ';vor ~ld : (1 ) Co:)l tn~ the engine cho.:·gc increa.ses 
Its densi tJ and hence tl.e chat·go energ., ; and. (2 ) , uecl'easing the 
c]~arce '\;ompe"a i, uye pc:cmito h:i.(jnol' manifold pro8rmres llithcut tho 
OCCUl.Tence of knock . The intercoolor d CIl1..~r:.-J.s , 'lewever , a cel·tain 
ru;:..onnt of pOvTGJ" Gypondi t ure Q,dng to i ts x'osistanco to tho flow' 
of cooling and cha!.'sG air and to the pO':ler roqnlr-cd to transport 
i.t . I n o:,:'dor to !~oJ.ve a large net poweo!' go,j.n d no to the intor-
c00lor, elle des ~3n mlLst '0e 81.1Ch '::'hll~~ t~:e veight a ncl. the !~osistanco 
t o o:il' flow aye small and t ne tG.Ulpcratul'G drop of the chl..l.rgo air 
(or cas ~~l ine-a Lr mixtl):re) is large . This de s 19n problem invol vos 
a numbe r of va,·i.ables such an tho t ubo lone t.h - dj81uoter ratio , the 
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tuse spacLg} the number and the arrangement of the tubes , the 
p:'oSSl..l"re (h'ops th:rough the interc001.er , the air :;nass fl.oYT , and 
tl:e intercc)01er we ight . 
Fo attempt seems to }lave been !llC'.de to corre12.::'e all theGe 
varia'bles wi th inte~'cool,er :porfl)2WanCe In sHch a ~!L.er as to oe 
of di-:--ect assi3tanr.e to tJ:-.e de,:.~.gn0r. A c::msi,::"er:::;.olo amol..mt of 
'i_nfOl'mation ia available concei.'ninG the p:.lenomer..a attending t!ie 
flo"l-T of a:r throug'1 ar.d acrOBS metal tubes . This infoIT:lation 
may be used to pr-ecii.ct -:'he parformar:ce of convent:'onal tnbular 
intel coelers in tei'!YlS ef -:'}20 variov,s des] gn factors. It is the 
l1urposo of t:ljS raper to 11YCC8!lt '1 Llethor, Dabee. 0::1 cla-rent heat -
transfer t.l:eol'Y bJ ,;,hich r:u01o. 'i :ediction8 can readily be mDc'Le . 
This met.hod is su/;;ol''V'd :)y test "Y'csult8 c;.:..tained fr0~n a la.liore" 
tory inter:::oole:;.~ "C3Gt unit h~ving a GOm1)3,rai~ively SJLall :r..u!'lbc.' 
of t.ubo banko 8.I"!C. cleoely ol~accd tubes. 
Tho tosts aDd tl,e annl,"sis "ore rw.:i') f:rom October 1939 to 
JlUlO 1940 at tho Langley :fcmo:rio.l Aeronautical I,a'")oratory . 
Figure 1 is a "ph~tog1'apL of the test a3sem-l)ly usod in the 
inve8 t; isa-::'--:'on . Tiie test. ec:uipmont cenS'lsts essont:ially of a cen-
trif ;gal .... ,l;)wor ul'ivon b;' a 30-'10 , S8:;;>C'I',Cr direct- cu:crent motor} 
an int')rcool(31 teet l..py.:.t, an eloctric air l:eatc!'J a car-b'll'otor J 
and vo.-~i..:-','c moasur~ng in8trl..'llJents . The bloYiOr j s capable of mov-
ing S~()O cpt i.c ""eo I:, ci' aL' pOl' 11mlte agnin3t a prossure of 40 
Inc11e8 C)f "m.:'er. As tIle d..io.gra::lL'18.tlc sK3tC:l in fig"Jro 2 shm'Ts , 
'l,ho c.:'olipC; air and tho :1 )a:Jed Charge air (or gasolim'-air r:drt,m~e ) 
VTere dr::1vu tIr. ,::"gh ane. aG:: 'oss the intercooler tubes, respecti voly J 
1:y ~:bifJ blClWOl J tho I''31atj,vc q mntitioB l:einc controlled by valves 
as srJ.mm in the fi;;u.ro . In a 1ar3e portion of the tests Jail' ..:!.lone 
HaG drmm b.C 'CSG t'le intercooler tLt:tes. ~. fCYI :cuns '.'lOl~e L"..ade in 
l.'hich preJ.etor'lli.ned ll c~.nttt ies of Gaseline iroro introd1.1ced i:r..to 
this all' stror;m to liroG.uco var-ioll.s fuel- ::1.ir ratl03 . The air or 
tho gasolirJ.o- o.i:r mixtlLG -c:C,a'~ was cooled vill be referred to as 
tte "cl"'.al'Go ." TLe ga80l'ro VB.G in".:,r::;..':'tcod into tflO hoated ::-.1r 
otroam by means of a C:l1'l.Pl'otor J and a Rotal.loter \las l.wed to mea-
su:co its rato of flow . (Sea fiS . 2,) 
The C1:3.1'[;0 c.ie was hr.atod 'vith an e lectric air heat~r co'-.-
oi£lting .:f £,i·;e unj';'8 of' 2500 v!attG each, \vll'od so that :my number 
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of tl,em could be employed . The entrance- air and the exit- air 
temrel."a ,ures were measured. 'by t!l.ermocouples placed- at vo.rious 
positions in the cross sect.ion of the air or the mixture stre.::uns 
so that good average s co'tld ue obtainGd . (See fig . 3 .) The 
thermocouple connectionG 11ere so arranged that i'1lpcrtant temper9.-
ture d ifforonces could to c'btaine,i almost instantaneously . The 
tube- wall temperatures were measured by 34 thermocouples so placed 
a l ong various tubes t.hat [1. good. averat.>e could be obtained. . (See 
fig . 4 . ) Air mass - flc'l meas1J.remen~..;s 'pere made by means of orifice 
plate s in the ai.r streams 1n aC I.' ordance vitI the procedure out-
l ined by the American SO '; i etj of lecnanical Engineers (reference 1 ) . 
Pres s ure data .. rere obtained Hi1,h ~'Tater manometers connected to 
varlOUS points in the system, as sho';m in figure 3 . The prCSSlTe 
drop cf ~oc ling air in ·1:.11e intercool er tubes W9.S detormir:ed by 
means of a 0 . 030- i nch copper tube, which was pl."epD.red for static-
pressUJ"e I'lGas lArement 9.nd lias extended tlu"ough one intercooler 
tube , the s-:·a t ic pressure beins t3.ken at 1/2 inch from oitller 
end of the tube . The tube 'Tas pl ugged at A and had static-
pressure holes at Band C. (See fig . 3 . ) 
The intercocler test bl ock consisted of 168 phosphor- bronze 
tubes, y,lhich had a l ength of 8 inches exposed t o the cha.rgo streo.m, 
an outer d iameter of 0 . 313 inch , and a 'm.ll thickness of 0 . 006 
inc;l . (Soe fi s . 3 and 4 . ) The t ub ;3 s Ttlere arranged in six 28-
tube ba.nks , across which tho charge fl owed . The tubes were sup-
port ed at the ends by stainless ·· steel plr'.tes 0: 0 . l 2!'i - inch thick-
ness, the minimum distance between adjac ent tubes being 0 . 012 
inch . The banks were staggered so that the tube centers lay on 
the apexes of equilateral triangles . 
Tests were mado on tho intercooler ful.l t for tLe purpose of 
checking experimentally tho coolir<:: offu ct i vonOS3 and tho pres-
SUTO drops calcula ... od from the hJa'J - t r ansfer th·30ry . The I. ffoet 
of fuel - 3.1r r at io of the c:1arJo TTD.S also detor mj.ned . The tes'~ 
conditions covored arc given jn the following tablo : 
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SYMBOIB 
Va velocity at entranco of tube, feot per socond 
Vb velocity before entrance of tuec , feet per second 
Vo velocity at exit of ~lwe , ~eet por second 
Vd velocity after exit of ':,ubo , foet pOl' socond 
II heat-transfer :.'ato , ':Btu per second 
x 
:lCa t - t!"anofor GceoC'fi cio:rL of 
soc.:.'net pOi' sqila, e fact pOl' 
Btu 1'01' 
heat··tr::msfcr cceffiGi.ont of cLarce } Btu 1' '-';1' oocond per 
sq:J.are foo:' por C7 
rate of cool ing-a ir flo'" J p ':' l.mdEl per soc and 
dist~nc0 al~ng a tube , feet 
tuDe length , foet 
i pside tnee diar.lotcr} f oot 
out oide tube dtrunoter , feot 
avera.Ge tnbe diemeto foct [~(dl + d 2 ) l 
t tubc-w.:tll thickness , foot 
s minimllID distance betlloon ua.ll s of ad<io.cent tubas , foot 
(SO l.' fig. 4(;:1.)) 
m n;.un.bcr of tube r'J.n1w 
n number of tnues in Oo.Cll 1Jank 
Ii[ mU:loer of tUDes (ron) 
v :;Lg'rL of intoY'conler tU>08, pOlmd s 
cr:')sS- 8Gctior:al area of an inte!'coolor tL1bo : square 
:f.ceJ (rcd2/4) 
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G 
A2 total area of tube cleal'ance, sq\lar0 fee t (ns I) 
f 
k 
frontal area of tube bl uck, equare feet 
ratio c f total c:coss- sectio~1al area of ; ntercooler 
tubes to :fr:mtal area of in-+:.ercoolAr block 
(NAl/A} ) 
cont "V'act i enal-loss coefficj.ont 
acceleration of gY'avi ty, feet pe ., sGconc~ per second. 
speci.fic hen+; of' air at constant. pre8sure, (0.21 Btu 
per p01.md -p8:'C' '1:') 
thermal condt't;tivity of air , Btu per second per nquare 
foot per ~ per foot 
absolute viscositJ 0-;: air J po'.mds per second- foot 
total pressure drop of cooli!l..{J a1r through the intel'-
cooler, inc.es of \~t0r 
t.otal press' .... Y'e drop of cLaY'ge ['.crOS3 t1:1e tube 1)anks 
of t1:1e intercooler, inchos of ~.'at, er 
lIPen p""'os8ur'e drop of cooling ai" at tube entrance, inchos 
of ,·rater 
lIPfr p ;"eSSlU"e clrc'[l of coolinG air 'lue to f:C'iction in tU:Jes, 
incl".es of I·rater 
lIP:I p",noss'~c'e d'op -f coolino2 a1 .::- dEe to l'oating in tubes, 
inches cf ,,rate:.' 
lI1)ex pressl~re drop r f ,0 1 jng D:ir at tube exit , inches of 
\'7a Gor 
Pl peve'" raqui "ed to fo;:'ce cooling aj r throngh inter-
cooler t ubefl ) :'1·:;r3epover 
P2 p -ver required to force charge across i.ntercooler- tube 
ba~;:s) !1or'sepo':lEJr 
To co lj.ng-air tempera-':;l'.l'e at tULle entrance ., OF 
coclin -e,ir tempe~at ,re dLferential above To nt 
tube exit, or 
T1,! mean tube->f'all temperatu:re differential above To, Dr' 
charge tomperatUl'G dif:el'ential above 
to interccolel', o.F 
at entrance 
T2 charGG temper9.ture differential above To at exH 
ex c of intercooler, F 
coolin effoctivenes3, 
TZ - T2 ex 
------
'r 2 
standard atmospbe:;:ic density at 500 F and 29.92 ie.chcs 
of me :-'c l'~y (0.07('5 round per cu;)ic foc'\:,) 
P c"ol lng-air donsi ty at, on1;l'ance ,')f tu\ es J pO'J.nd por 
len c1'bic :;:'00 :, 
P c ~'ol ing-air de!1Si t;)' at 0Xlt. of tu os J pounds per c1J.~)ic 
l ex f :-ot 
Pi arithmet'ic mean -:-f 
~,. Q" 
and Pi ex ' pounds per cubic 
foot 
P mean charge density' i:1 intel'cooler, pounds per cU')ic 
2av foct 
demJi, t: of entra::lce cooling air rolati VB to standard 
atmoch~ore (Pi /po) 
en 
mean densHy- of charge in interccole.-::' relative to 
st.anc.ard atmosphGre (P2a/PO ) 
7 
Unless other'lTi.so dofined, tIle subscripts 1 and 2 "-·efor 
to cooling ai," .~md cllargo J res!,octi vely . 
ANALYSIS 
Cooling Effectiveness 
At some distance x '3.1cnG t.b.e leT'gth of an intercooler tUDe 
the e.~J1'n.t. of hc."'t per second d.F exct i.T1[y:Jd ootvl83n th') c1mrge 
an'1 t~e coe l ::'ng air tm-ol.l[;11 an eleI.1ental iengt1l of' tube dx is : 
(1) 
1.,1:ore T2 is tr.c reEan temperatu.re aJovo 
av 
T 
c 
of charge across 
the tube and Tx io t11e telTpel~atu.re nboye '1'0 of the cooling 
air at d istal"ce x ulonn t,~le tvbo . 
.lUso) the tetal Len:" s::,yen up by the cLarce to tr..e first 
ba..'1k of tubes is 
(2) 
vlhel'e T2! is the tGtlperntlU:'e of the chargo after the first bank 
anJ. Tl is the temperature of cooling !Jir at x = I . 
Wl.cn Tw is ol:i2ni!1C.ted in equn:tion (1 ) 
Let 
Because 
-~ hl d1 h2 d2 dx 
~ 1 cp Pl Vi '(hl d1 + h2 d2J 
_ T? + T2 ! 
T2 - --~2 -, 
av 
eqoe.tion ( S) becomes 
(3) 
( 4 ) 
(5) 
9 
(6) 
Hhen oquati::n ( 6) is BUo[3titutecl in e quation (2) and. wLen the 
total length of the tube is . .:onsidordd 
The solution of eqvation (7) for T2 ' is 
where 
, -. 
II 1 - f (1 - e·~cI) II 
= T2 --.--- . ....---
1 "( '.C2) ~ 1 + ~ 1 - e _.1 
l' == ------ == 
Likewiso, after the second brtnk , 
T " m I 2 == 12 
r 
1 - 2 
r 
I 1. + '2 
'-
(1 - e-C1 )l 
(1 _ e - c2 ) I 
-1 
or, frcm e~l~tion (8), 
, .- e- c2 )--2 
== T21 1 
r (1 
- -
T2 " 
2 
" (l e - c 2 ) L 1 +.:.. 2 
-' 
d ... ' 1 .(" t.te "..,tl1 an s ~; on , u...YJ."l a . 'ceY' ' oW. 'bank , where 
G ' 
- c 2 ' I m ~ -! (1 e ) . T == T2 2ex 
- C2) 1 +- (1 - e 
. 2 
Th0Y'e.l.C'l'G , the coolIng effectiveness is 
(7) 
( 8) 
-~~-------~--~-----.~~-~-~--------.~,-------~--~-----
10 
T,., - T2 
c.. e::: 
T'l =----- :::: 1 -
or 
1 - ~ (1 -
" 11 + ~ (1 
_:::1 
1. \ ( 9) 
F:r'om eQ:l1.£'.tion ( 9), it io seen thn.t the cooling effecti vene ss 
is dotormiT,ec1 !JJ t.lO mC-8S flc',T of the cool i~1g'1i:::' and t:10 cho.:~l3e J 
the nL1r.l1 er of tube '.Janks ) tho tllte 1I3net~J., und the quanl:.ity c) 
1-!hich, from equati'n (":'), DW.;>- ~o JXi'1::'0S'38J : 
rr hl d1 112 d2 H 
c :::: '--------.-------
01) 11 (:11 ul + h2 d 2 ) 
F,." t,l.in·wall tu~~n~, S'l';~, as t:13"t used i"1 i"1te~coole~~B , 
tl.c avcLEJ.gc t'l~)e \;U.f1To1C el' ;"(!a~" ::'0 s 'lbs', Jtuted fey' 'Lhe insj,do and 
tlle O;.lts:ide t,J"o d'arnm,e-r 'G, t.ha'i:. is, ell:: d2 :::: d . The e:x:ponont 
c Z in ocp.ati,on (n m,.<J.;; :;' ,0:1 l'3 expJ enaed as foll01:S : 
n d 1'1 ' 12 IT 1 
( ~1 +1::'2) (;p Ml 
1(' d hl 1\1 Z 
f.11 cp 
= - --- -
};1 
1.+-.-
,(12 
(10) 
Tile ht3at-t~'an8t'or cooft'icionto r:1 and h2 ma~y" l)e e721~lated 
in +e~s of t21C in"ercoolol' diT:lensions , "ete air mD."'S flm.,' , F..nel 
c~rtain p: }-si. .;al p. '('p::rt'Lcs of tto c!Ul.I'3C 3.nd the coolinc a1r by 
l'ofe:rrins to tho rOO(;3.1'c:l G1.'lwllD,:.'ized in '~(fel'ence 2 (p, lS9 ) i n 
vJ:>ich 
(11) 
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Because cp~l/kl for ajr is practically constant at 0.73, 
equation (11) may be vrrit t en 
(12) 
The factor kl/~l 0 . 8 shows little vari.ation over the range 
of cooling temperatures that is usually encolmtered in intercoolers 
and a constant value of kl/~lO , 8 = 0 . 0323 at 590 F will be used , 
Decause equat ion (12) 1)ecomes 
(13) 
If f~r the prese!1t the effect of the presence of fuel vapor is 
neglec"ted , t~le heat-transfer coefficient bet .. Teen t; e charge and the 
tubes may be obtained from the fo1le.ring expression given in refer-
ence 2 (p. 227) : 
= 0 . 131 (14) 
The subscrtpt f itidico.tes that the physical properties of 
the charge air are based on a film temperature, which is an average 
of the mean charge air and the tube-viall temperatures , 
When th3 factor 
k
2f 
o G9 ~ , 
2f 
is taken at a film tem~erature of 
1000 F at 0,00951 and because P2 V2 
M~ 
Ns"/. 
equation (14) becomes 
(15) 
An investigation of the effect of the air t emperature on the 
cooling effectiveness Sh01ved tha t , .rhon tho thermal conductivity 
Ie and tho aosoll.'tE: vis{;osl.ty ~ in eq'.mtion (11) are evaluated 
a t 100° F inst ead of 59° F and i n equation (14) at 2000 F instead 
of 1 00.) F , the difference ueh,eon the effecti venesses is l ess than 
1 percent , "'hich is vell uU,hin experimental accuracy , 
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Whon the values of hI and h21 as given by equations (13) 
and (l~), l'espec+ively, are substi~.:,uted i'1 equation (10), there 
1'oS1.u ts 
L 017 x 10- 2 (ET~ )0. 2 (!:, 
'J'hl . d/ 
cI == --------~.-----.--- ----
/' 1 10 • 09 (" 1 0 . 11 ~ 1 1 . L1 
O. 624 ~- ! -- )\ t~/ \:'Jd 
(16 ) 
1 + 
T~le al!plicatLm of tIle binomial them'em to equation ( 9) shous 
·that t.:le ',o.:t'lation i.n L1 as it ap:90Bl'S explicitly in equation (9) 
ha.s a 118g1i8::1:116 ef{'ect on the coollrr; effect ivelless. The infl n-
ence c.f ill on t:le cC'o"l.inC effectivensss is tr.ro,'S:l its effect on 
the cxpcment cI . The facto.;.~s Ul('n ,,:hich tlce coeling cffcctiv"-
nE;SS depends, therefo:c'o , are "ltul.TI i n equ'l.tions (9) a:1d. (16 ) t c be 
Nd/;.i1J I /d, M1/t:2J and. rod/s o 
In order to make tS1'aphicE'.1 rep1'8sen-catio:;,s less complicated , 
the variable N<l/MlJ "Lich 112.8 D. relatlvr:ly emaIl effoct on the 
cooljng effectiveness , n:a,r be 3ccoUJ."l.teQ. for by letting 
,,,here tb.e subscript eq moans cq,ui valent . 
It is evident frc:n tho proccd ine eq,uations tr,at, lIhen 
(2 
== 10, \, 6: ) 
eq 
and For values of 
o'!.he:.~ t"1.o.n 10} plo-cs cf the p :::'ecedine; eq:mtions sive the corrections 
t 'h l' d t 2 / d d .-'l/ -l- bt · I' 7., \ d. Iron '\ o ... 0 app le .0 I an illL< S ,,() 0 aln ~ - ) an ( ..:..:: ) • 
d eq \.. 8 .Ieq 
EquntLm (Ie) can noC! 0 vTritl,,9n as : 
c2 = ---
1 + 0 . 484 
° 
01 ''" 2 (2 ''\ • . '. L d I 
\,. 'eq 
---
(
111',)0. G9 (I:lc'"~ - 0 . 69 (.i'),o . 6 9 
M2/ \. s'/ oq . eq 
,17) 
13 
'I'rtlS equa ci.on (9) Inay oe IVY ltten 
Charts based on equat:lons (9) and (17) '-rill be preserrtcd. to 
s hc-w gcaphicall,y the effed of the variables involved on cocling 
ei'fBGtivencss, The erperlIll.e!ltal verification of EXfaa:tion (9) 
will be discnosed later in this report. 
Pressure Drop of Cooling Air 
Entrance losses. - One cau.se of the pYe-ssllre drop at ·-tJhe·-tube 
entranCE; ls--thecomerslol1 of the statlc head into dyn:'mic head. 
beca use of the reduction of the flo'W an'a. From BernoulLi.·8 
eqv.atlon, this drop in pressure js 
PI 
~Pen ' = 5.2 ~n2g (Va2 - VbG) 
(Ie) 
'.r~1e:r0 is also a drop in the pressure nO'ar too ' 9ntnmce.·a-ttri 
h"ted t o the incr eaoe in !llt:.ximum velocity that results from the 
cr..a.ngo in velocit ;y distrioution along the t1).'iJe -dia:racter • .. This 
drop in pressure, acco~ding to reference 3 (p. ~l) , is 
0 . 09 PI 
~Pen" = _"=","",-.,_e_n V 2 uhich may 'be- written as. 10.4 g :l J 
P it en 
0 .09 
= 1 0 .4 'PJ 
4M 2' -. (....2:.- ) 
rc.d~N./ (l~ 
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The contraction of the air stream immediately after it enters 
the tube causes a loss, w'hich further reduces the pressure by 
~ PI 
en 2 tl p
en
' r, :: ___ V 
10 . 4 g a 
W'lere E: is a function of tho area ratio f . Values of ~ vTere 
tak8n f~cm reference 2 (PD . 121- 122 ). This equation may be written 
1 y e 1 imina t. inG Va 
(20) 
Frictional loss in the tubes. - The pressure Qrop due to fluid 
f:,'icticn tlPfr Is given lW the Fanning eqnation as 
6 .49 t112 ~ F 
tlllfr :: ---------
10 4 N2 d5 
. g PI av 
vThere ( f"'om ]'efcre,we 2 , p. Ill) the friction factor is 
F = 0 . 049 (B) - 0 . 2 (5000 < R < 200 , 000 ) 
Because t.he ne:,'nclds number 
R = 
P V d lav 1 
!-lle.v 
and = 120 X 10-
7 at 590 F, 
Plav 0 . 0194( ' ' 4M\2 " /2)° . 2/ f · 2 
- -
tlPfr = 
( _ 1 (1. ) \ Nd ( 1- ( 21 ) 
Po 10.4 pog \red 2N/ \d \1.11, " d) 
Pla v 
(2 + ~) Plen 
If = ls s ubstituted in equation ('21) 
Po (2 +2(3) Po 
15 
(22) 
If, in ~ho calcllation of t;).e frictional loss in equation 
(22) J the absolute viscosity I·;ere evaluated at 1000 F instead of 
at S 9° F , the frictional - loss increase ,'ould be only 1 .2 percent, 
which i.s well In:~;hi.n expel'i1r.ental aCC 1.1racy. 
A slight reduction in press1.1re :In the tubes occu:>:s because 
of the '1eloci t.;y increase rosul ting f:com the proGressive incl~ease 
in cooling-air tenpel'ature ,yhen the cooling air traverses the 
length of :'he tube . Thjs pressure decrease (by equating force 
tc t;.e "ate of m'me::ltU::l c:la.l1ge) is 
Because 
or 
'rhen 
v c 
( 
Tl \ 
1 + m 460) V J. o + / a 
V 2 
a 
= (1 + (3) V 
a 
(23) 
Exit lossos . - The pressure drop at the tube exit may be de-
rived b~r equating force to the rate of change in momentum 
1G 
If 
arc 8ubsi;it,utod j n t.:t.lO 1'0 ... e goins e qua tion 
D'-I' ex 
(1 + 0) 
5 . 2 PoB 
/ 4H \.2 / 1, 
~ rrd2J:1J) (24) 
\;~iS}i is o'lidorr'~, lJ a neB~t.ive preGsl're drop J tllat 3. S J a pressQ'~e 
::"j so , 
'1'l10 1''- CSS1X~O drc}) of c~·!u.r~G across tt~be banks in staggered 
X'0':Vf1 , acc():'d:nG ',0 l'oference 2 (r . 120) , is 
/ , 
(P2 (V )2 rnf " , 
av \. 2nax .. 
~P2 = --------~-,-2--(-?-L-~ )-------
bct1-roel1 the [jubes and 
I SP? V - 0 . 22 
f '" 0 . 8 
I '-'av 2rnax 
\ 
\ ~23.V 
..Jb CD.llr;e V 
!-i2ill 
~x 
_. 
2 N s P2a --, I 
Ij~ 127 X 10- 7 o.t l O('o F Gav 
it f(,110 t VS tl:at 
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(25) 
rr, in t:e GaJ.culnti'::>n of the fric~,:,icna11oss in oql'ation 
(25), tIle arsoLr:e viscos':'t,/ Here eVahtlted at 2000 F instead 
of at 11'0° F, tiw fY'i cti:-nal-loss inc::"ease '\>Teuld. be only 2 . 8 per-
celt , "t-,-}-,ich io ,{eli vithin 81.-pe:::":ll.onco.1 aCC·'Taey . 
I!lte~.·coole!· Design Charts 
ATl ez[mir'a·~:i.C'n s~ lO\m t:i1S.t the eqt18.tions for eff~ctivene.g8 . 
and prosstP"e drops l1lD.j' be expressed as 
Ud2 1 \ 
- ro' (see equations (9) and (15)) 
11 ' d ' ) 
(26) 
/ HI 2 
\Ia2' d" ' :.. , I3 ,~,f. ) cl / (see I:)quations (13) through (24)) (27) 
/" 1'2 rod 
, 
Ndl s 
1 . 
ID , - ) 
d.; 
(see equation (25)) (28) 
'1".e ':.-:; ~ U~,t. of int orcoole .... tubes IVt is 11: d 2 N t Pt ,{here Pt 
"i.e ':'1.p. tu'.:e - 1.'ull dons1ty , p,j 1m ds per cu'uic foot . Then 
n...,d 
0] 
" 
rr: t p a. Nd 2 = veig; .. t fuctor 
2 a. d ITd = -2-
. :''1tal a'"ea of in-c,or:::coler block 
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it d1
2 N 
f = --------~,~~~----~----------------~-inL 0 , 80£3 (dB + a) (m - 1) + d2 ] 
f l't m (29) :: .~ r ( t ) -- i B 2t \ ( ~ + 2- - +-
4: II + d t d) O.~G6 \1 + d d t) (m-i) + 1 +-1 t 
\ 1-- 1- - 1 - 0/ J d d 
A plot of equation (29), .Thich will be discuosed later, Dho'~:S 
that ar ..y variation in tid ov~r the range used in intercooler 
pract ice has little effo ct on f, t!le cH'elJ. ratio . Acco:::'d.ingly, 
t /Q was takon at 0.02 in equation (29), so that 
(30) 
It was previo'..l..sly staGed that E: is A. funcUon of f and that 
the er..?a..'"1sion of equation (9) tnto a serI es by J!loans of t e binomial 
theorem shows that the effect oi' m in equation (9) is negligible . 
In eA'1> ressions (26 ), (27) , and (2 '3 ) that lid t.erms have small 
exponents J so that these te"Cllls, for an.:: variation tn tube diameter 
,·,1 J.:.l:..in the rar>..ge used in aircr aft i.n:t.e~coolers, have little effect 
on the eff ect 1 veness and t.he p :: essnre d.cops . 'fhe prin ipnl effect 
of th0 var iat i on of' tulie diame t e r i.s obta inod through its influence 
en the I/d a:1d the md/a torms . For tllis reason the tubo dla:noter 
for tile l/d tCIm vas taken at. an avernge value of 0.30 inch, The 
factor ~ is "involved in the IL'essUTe loss in the intorcool.er tubes 
due tc the heatlng of the COOling air, "'hich is a smnll port ion of 
the total loss . Th i.s factor was evaluated a s 0 , 06 in this an.'"l1ysis 
and should r ep:resent an aver age cond itio:1. 
When expr essions (21') ), (27), and (28) are rev] 1tte:1 on the 
bas i s of the 'Preceding dIsc .lSsion, 
(~J Ml md 1>1,,\ n, ::: ,!r 1 c.. \ ,- 112 ' s ' ~) (31) 
01 6Pl = '.jI" 1~12 1 MI'\ l-;, d' f, M2) (32) 
~~-.~---------------. J 
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md 
(3 ~5 ) 
s 
The terms 1n expressions (31), (32), and (33) <:::'l'e the "!:Justc 
val'iables considerod tn the construction of the design C!larts. 
Inspect.ion of expression (33 ) shous that ,- for an asstuned v3.l ue 
of 0 2 6P2 and m, -c~e valne of md/s and hence f (oXI'l'es-
si.on ( 30) ) is do:~ermlned 'oy M2/a.. F:i.'om expression (32) it nl:l~r 
be seen that f'y(' 8. given value of H2/a. J f', and (jl D.1h the 
valuo"'lf' 2/d detr-'rmincs MJ/I;~. Thus all the terms upon whicL 
11 dopcn.1s (o~,prossion (31)) have ~0en eval'.;.ated . 
is 
or 
But 
then 
'l'~ie pOUG1','oquired to fo? .... ;o ~ool i~g ail' thl'Oi.lgh the intE}}:'coclcr 
12 + 
I 
\2 + 
5 .2 °16:11 
;)':;0 Pl 
, en 
f3 \ 
2P) 
(31 ) 
0 .. ', ';:1cn tho PO,';(;Y' is 3xPJ.'osscd as a pe:::-conto.so of the er:gine brake 
h'JT's'3pO':'lGJ' 1'01' a fl101 - air ratio of 0 . 08 'l.nd a specific fuol consump-
tion of C. :; pound ~ler br~,;co 11m 8C'DC1TC~' PCI' ho~r. . 
(jl 2 Pl X 100 100 £. 2 :-, 10'1 PI 
== 
-- \ -v12 ) (y: ) OF1.ko .1(",l"'SGPO~;er S7(, 
. ;'~ 
l 
l 
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Likew:1 se, the power l'equircd to force the charee across tile 
s'~a8gered -tube banks of t>.e intercooler may be ex~ressed as : 
= 
5 .2 02 61'2 
0:0 Po 
al:"J for a fuel - all' )'a -L io )f C' . 08 a:ld a. s?ecifi0 f ;.lel consumption 
of (' . 50 pc. nd pei' brake 10j 'sep,;~TO'r L".OU.:::- es : 
..., 
(52'" p~\ 
\ M2 / 
(36) 
brake t .Ol sepr we -.:' ~; 7 G 
The dlmens::'ons of this t~·po of int.crc201er. mn~1 oe exprcssod 
as fc,11ow8: 
'1'110 dim.on si.on of the block in the d :i.t'e0t lon of char-ge flov 
Le = 0. 836 (dZ + 0) (m - J) + dZ 
The 1,rj,dth of tile block is 
H ( 
.T = iii d2 + s) (30 ) 
The val~e of the Diock thor efore is 
v = Z Le '.\ ( 39 ) 
because Z i.s the dimeno:LOn in the direction of cooling-ai:!" flow. 
'.rest ROSHl ts 
',:'lglL'e S(a) s : t'J\;s t:13 effect ,..,f mass flow of cooling air and 
C:--la~'ce 01 t~l 'J (.) ; ".:'l ing efff:'cti veness of :'; 1--e in~ercooler t est :mit 
sho~;n tn fj 01..::' os 3 and 4. 'l'h.e CU1'·:es Y!f) "'El c8mputC'd fro::J. squa t iO:1 
(9); ~~he des i. na ~ ed po::'nto :~opresent t he exy rime.1tal v..1.1ues . 
Tests F0i'e made f.)" vario r.s 'v'alu0 s of CllL1. ~go inle t t emperature , 
'but no d iffe'"enc6s Lcl ccolh1g effect i V6:.1eSS Here oet ained beyond 
1 
I 
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tte 1 i..ml:-,s 01' expe:cimer.t1J.l error . The results of the v'tri'J.tion 
of' coC'li~ effect iveness ,dt}' char.Ge ::'l1~ot ~emperD.tu.1:'e D,re sbo .. m 
:tn i'Lg\1l'e ;:: ( ~; ) . Fi_euC'o .'i ( c) shows the result. s obtained by flowins 
gasoline-air mixtures aC-c'OS8 the intercooler unit instead of air 
alone . The omaJ_l off8c.t of fuel - a ir ra~, io on coo1in,rs effocti veness 
may ~) e noted . 'l'he tmnpe;"f! t l..lTe of thG charge l ea.ving -(:,110 i1'r001:'cooler 
,;as ap-pc"ox j.!!latel;y 14..00 F tn the tests in ,lhich tr..e fuel - ai?:' l'atJo 
, ;as vari ed . 
'1'ho pressL.1_:,:'e drop Sl.ls t!).:l.ned 1)y a g1 en mass floy, of gasol ine-
air mixture acros s the inte.l·cooler unit • .rao slightl y less t:han the 
pressul'e drop for an eqU.!.l.l !!1..'l SS flo .... " of a.ir . This phenomonon .is 
an indicat i on ~hat fuel dld not collect on the intercooler tJ..~bes 
because an inCl'eaS8d prer;sUX'o d:l'o1' would be expe c>..;ed if the t:~be 
spaces lT0 rO clOGged 'vi.t:l conde'1sed Basoline . '1'he absence of em 
._l1creasod press lU'o dro11 8annot , hovlever , be taken a s a definitf..l 
i:l.dlcation o·r t}1e lack or condims'tion beca lse of the poss ibilHy 
tha.t the hleh charco veloci';~ 7Jj£},Y rreyent an;)' a cc1.Ullulati.on of gaoo-
1 1'10 on t.he tv bo ,valls . Inspect. ion of the tu-cc bloc};: after rlUlS 
shovod no evidence of liquid gasol iT/e about tho inte:'cooler, and 
it "is bel leved that no cOltdens :1tion occ1u':rod . At 10\" c:-1<.1rge te:n-
pel'c'-'J u.l"e s apIl:recia,111e condensa-,~- on m gh;~ OCCL'._ . 
Fig'_u:'e 1-; sbol'Fs the prOSIJlu'e drop of Cllal'go ail' across tho 
in>.:; e Tco:le~' t os t 1.l.ni-::. as a i'Dl('t .on o~ +;l.o .::ato of cha.r~~e floi·'. 
The comp ut ed ell/V6 is baned 0>1 oquation (25) and the oxperimental 
C'..1L've is dYmm ~. h·.'oul~: t the to s t point s . 
FigUJ.'e 7 s :.ows t ;.8 oevora1 pressuro cll,:mL~os in the cooling 
a ir I"hen it passes tln'o l \:,h thei::l.terc ,")oler lh"i. ~~ a3 a "\o;ho1e . '1'he 
soUd li':10S cin the val1J.es computed l:y means of oquations (18) , 
(19) , (20) , (22 ) , (23), - and. (24); tho indicuted poin l..s denote 
test valuo s . An r~ ..,11010 ) good agreenent botw,;en t!:c computed 
and the expo~,·imentc.. l data ie shmm . 
Figure 8 , ,.,}1ich i s ,)asod 011 eq
'
.L"1tic)!1El (9) and ( ~ . 7) , 8:'.01-113 
th<:"t 1') incJ'.'eascs 'Yi~-:, M1/Iz , (~/d) FJq., and (md/s ) " 0 at a 
rai{o thd '~ d :lJnin~ shcs GS t; -leDO varIabl es increu,se . ~'he effect 
0.;:' ~ / d and mel/ s on 1') i s nc~rly t.he srune a s that of ( l/d) 
oq 
and (md/s)eq' T11C cor:c8ctions to be l1I'plied to l/d ;J.nd m/s 
to obtai.n (l/d) oq and (mel/s)Oq etTO plotted in f.Lguro 9 as 
f unctions 0.;: Hd/H1 . Equa·t;ions pl'.Jse_itod oarlier i n this re~ort 
indicato t,.c.t an increaso in oi thor l/d or md/ G j (l accompu.nicd 
b~.- an i!lGroasc in pross nre drop , oi tl ,cr through 01' across t.ho 
intercoole.l' . Therefore, an att.empt t.o attaj.n higher cocling e T' -
fect:"yonesses by increo.s"ing "LId' or md/s is cuxbod by reanon-
n1)le l im:!.ts 0:;" pressUl'c d:'op . 
TIle cqt~at ions re1atin~ t.he pY'88sn:re dr09 of coollng ail" ar:\.1 
charGe t o vartcus desien factors '1.Y.'O p1C't.i. sd in fi.::.~ures 10 and. 
11 , respect.ivoly . Figure 12 s11m"s the vaJ.~j:'I.tion OI' tile area rati 
f ,,,iti} sid, tid , and lYe ( from eq1.lat'i0n ( 28)) . TllA contractional·· 
loss ccefflclont E: used. 1n calculat illG a part of t:19 coo11118:-ai1' 
ent. ,·anco l. ()FJseo :j s l'(plot'~ed in fig
'
:1e 13 (froD :('eference 2, pp . 
121-1.22) , 
· Irr~o~Co~ler Denien 
Fi[!,t'.!'8S 8 to 12 are Cl'lliJ81'sC'me fo'" t,1:e inte:rcoolel' desi~):lo:;: 
·t..o ·,.l8C. " ne l1Lrp~'se of' t.ll"!.S l'OpC";.'t is , t1;e1'0 im:e J ·~·,o l)Y.'cse.·c, '.;:lle 
design inf01-mat 'lon "in sl) ch fen'ill (1'i58. 14 , l '=" J and 1 6 ) e.s to red1.'ce 
tbe comploxit tes ,. f deslgn t.o a mlnl.mum. In C1'dor to mlce these 
6 "mIll Lf ica t.i':'::ls, i t has be'on nCCOS Clal'Y t o rna.,e certain C1:PP1'oxJrna-
t101:[1 t.clat , t· a desif::','.1E.l l ' , f}~1O' ld be 'i.m:q:rprec13.ble , s ince t:10 ,,},>-
p ,'oxl.mlltion8 ,-rill. nc b 'intl'od ,1.C0 err'cl'D outO'ide "tLe reg::'on of 
oxneriNer:.tal a,~c "u~ac ,:r . '1'11.808 aPTlcoximnti' ns have Doen dis cucsod 
i:1 tl'o cv:ct ·i. '.)l1 of the anr",l;:;sis d\ ~voi~ou to tho develop',rIent of the 
oq1).at.ions '.11-> 0:1 i,·l '"ich fiplY'OB 14, l5) nnd F' are based . Figure 14 
i.a base\~ cn the D.l'riJ.ngome~yt; ot' i'.i.'/EJ t":tllko of tubes. 'rho excessj.ve 
l)lock Ttlidth noceDs itatod bo' s uch a 8L1<1.1.1 nUl!lOOl' of banks is ou i t -
abl e onl~: f er tho a n. n1ar ~'u PC) of int.o: cooler installation, ,,·hl J:' 
will be dl.scussed l ater . Fie;\.U~e l ~':; , Iv:sed 0:1 30 t <"be banks , TIll,,. 
·bO ~s od fot' mOl'e com:pact t;i'res of interccoleL' l)l ock . CoolinG 
effoct i vonc.ss for a l1lunoc"!:' of ~~:::.nks bet.ween 5 and 30 may ')0 ob-
t1:.tint.,d :)~;' U.no,~r interpol'l·Vl.on betweon fig1..u'es It.!: and. 1 5 1·ritho1..~t 
a pl1rec:iabl e 01':'01' , F1-G1..U'es 1L.!: and 15 sl:mr tho cooling ef.focl:.iYo-
ness plotted ac:;ainst the fnctol' Ed 1/M2 , wh'~ch is ;::.n lnQox of 
t.~10 heat - tran3fe.:' s~lI'fG.ce ar.c1 a lse of ~,he tUDe l-roisht for an;:r 
po..rt~.G1 1£1.1' .. engine r OWC:1" , Ench plot is ma.do for cOl1otant val.Lles 
of 01 iJPl and 1:1., 'but th.o valt.'Ls of "l/d and 'l]/l~ vary . 
Alltill8 )llots arc XI1.:'.l,do I'O).' .'J. canet-ant, VI3.J.1W of 02 l'.P2 (10 in. 
of \';'::\."'131') , but tl1c c o01ir G of'foctivol1CFlS foX' \-:t':tvl' valuE'S of 
02 dP2 me..'·"b~ f lmd b? o:pply:i.ng COI'l.'oction8 tLat 8.1'0 gi von in 
fie:u.: ' 0 16(a) , 'h Fhich t1':o c001ing- cfioct.;·/C,nGGd correction is 
1'1l1ttod asai.ns·l~ ~2 P2 for d:..ffc·rent ·:£1.1 nCB of lid and 
01 L\~l' 'l'Le :nc~; ~l\ d .'f mr:ki!1g n'lG~l C0"Y'OC(' j '~n:1 I-r1 II be 111 ustl'o:ted 
lui:,)"l'"' in '~l1 i.s 1 opoJ'L " I!l :(1(',"';.'08 14 nnd 1.'. tlW incrc'l.se ln \Jool h18 
effec{; i veness with cooling surface is to be expected . Further-
moro, "lVith constant tube s urface the cooling decreases as 1-/d 
becomes larger "'hen the pressuTe drops trll'ough and across the 
intercoe'le1' are consta.nt. If Ml/M2 J as "Tell as the pressure 
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dl 1'8, 1s constant , hcnv8ver , the cooling effect'iveness increases 
Ivi th 2/ d 1;;1.t :inly at the cost of increased cool inG area and 
thuB at. the ca8-:; f in.creasod tt.ibe weig!1t . 
The tables at the top of fi.gures 14 and l:~ 8hm'" he power 
expenditures invclve<i in the operation c f an jntercooler . The 
maximum dY'ag involved in forcing cool i.ng ai-r thro'..lgh the tubes 
is shovlIl t.o be a 1 tttle over 1 percent of tho eng lne brake 11or8e-
pOl"e:r.·. These tables and figure 113 (b) also indicate that the pOvTer 
required ~f the s up6rcha.i.:'ge:c to force the charge across the tubes 
is 1ess than 0 , 5 percent of tho engine brake horsepowor . From 
this fact it appoars that the power expenditure of a properly de-
signed intorcooler, aside from that. :coquired for transportatjon, 
may be secondar:l in importancA to ,;eight and size in many Ca.S0S . 
The abscissa scale on the design charts (fi.gs . 14 and 1-) 
has been converted for a special case into another scale , namely, 
tbe interc;ooler-tube \might, pounds per engine brake horsepower . 
This conversion was made for an en8ino f uel - air ratio of o.oeo, 
a specific fuel consl.llllption of 0 . 5 110und per brake horsepower-
hOUl" , and for steel tubes ,·,ith a '\Vall thickness of 0 . 006 inch 
and a density of 0 . 284 pOlmd per cubic inch by multiplying 
Nd1-/I>~ by 
1728 1 
[re (12 . 5) (0 . 006) (0.::) (0.284)] L (3 600) (12) J 
. 1728 
the expression L J being a unit conversion factor . 
(3600) (12) 
All val'les occurring in tho tables at tho top of figures 14 and 
15 iolher 0 tJrakl- ho1'80pov181' 'i s in ohed are 1 ike" ise based Cl a 
fue1,- air 'at to of Cl . 080 and a specific fue l COl1sl.llllption of 0 . 5 
p ound per ';:nake horsOp0\o7'.)., - hour . 
The pOl-ler for forcill{?, the charge through the intercooler 
io pr:Joa.bly of g:"eater importance than that requir('d to force 
the cooling a:1,· \)Gcausc of the reduction in maximl.llll engine powe:!" 
,vith d e croased inte~ caol01' discharge prossUl:e . This r eduction 
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in maximum eIl.gine power may be estimated for a given temperature 
drop of the charge by assuming the engine power to vary directly 
"l-Ti th the manifold pl'eSGUre . The relat i ve :lr.rportance of these 
power losses and Jf those due to intercooler weight and size de-
pends on the design and the speed of the airpl ane . It was there-
fore considered advisable to make this information readily avail-
able to tle designer (figs . 14, 15, and 16) rather than to pre-
sent optimlm des gns or a method of ohta ining optimum deslgns 
based on some artificial fiBl~re of merit . An additional factor 
of importance is the 0xtel'nal drag of the cooliIl.g- air inlet . This 
drag can var? from almost zero to several times the cooling- air 
drag, depending on the inlet loeations . 
Illustrations of the Use of 
the Intercooler Design Charts 
A proceunre that Inay be follovTed in using the intercooler 
design charts is sho'Wl1. by means of several exrunples . Let i t be 
supposed that an intercooler is to be designed f or the folloving 
set of conditions . 
Case I (sea level) 
Engine character'} st cs : 
(1) Brake ho., sepower 
(2) Spec i fic !'uel consumption, pounds per 
b-o-'aka h'Jl'sopovrer per h':)Ur • . • • 
(3) Fuel- air ratio . • 
Desired intercooler dimens ions: 
(4) Length of tube ~, feet 
(5) Averago diameter of t l.lbe d , feet 
( 6 ) Nu.'nber of tube banlm m 
(7 ) Tube- wall thickness t , 
densHy , 490 Ib/cu ft) 
feet (steel 
- - - ----
1000 
0 . "'0 
0.080 
5/6 
1/48 
5 
0 . 0005 
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Intercooler limitations : 
(.'3) Cooling- air pressure drop t.,.PlJ 
:"nches water . . • S. C 
(8) C~~a:rge p "888m'e d~'op ~'P2 ' inches wat.er 10 . 0 
(V') TIelntive dens it:.' of coolinG ai::: 
°1 1.0 
(11 ) Relative density "f charge 0'2 . .. 1.0 
Desired interco ::, le j' perfo::ma.nce : 
(12) CoolinG effectivencss 1).. percent ... , . • • 75 
It ts desired to fintL the 1'ol101.;in8 characteristics of the 
interc':Jole,~ : 
Number of tl.~he s N 
Tube spacing s 
Weight of intelcooler tubes VTt. and dlmensions of intor-
cooler bloc~ 
POviGl' !'equired to force cooling air th""ough the intercooler 
Pl 
Po'mr required to force ChEF':::;O across tho tu·oebanks of tho 
intercooler P2 
l{eisht of coolin- air handled by trw into:-ccoole::' 11 
From items (6) and. (3) to (11) i.t ts seen that m = 5, 
°161'1 = 6 inches of Fater, ~nd 0'261'2 = 10 inches of '\-rater . 
Figure 14 (c) appl ip. s for this case . 
(13 ) From Hems (1), (2), and (3) 
leV» X O. ~. 
0.08 X 3"00 
= 1. . 736 pCl1..<nd s peJ socond 
( 14 ) Fr:.:->m Fems (4) and (5) 
.l = 5/D == 40 
d 1/48 
j 
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(lS) If figu~e 14(c) and items (12) and (14) ~re used 
and 
(16) 
from which tho cooling-·air vTOig~_t Ml is 8.0 pounds pel~ second. . 
(17) If figure ll(a) 9.nd Hem (15) are used 
md = 1 76 
s 
(10) N'lmoer of tubes 
item (15) X Iv12 N is = (22.5) (1. 736) (S/S) (1/48 ) Id 
(19) Tube spacing 
B md = - - ... ,--
item (17) 
1 un 48 
176 
= 0.000"-92 foot 
= 2250 
:: 0 . 0071 5.nch 
(20a) 1'[eight of interc(' ''oler t. ubos :Ls item (7) X item (13) X 
item (l ~) X ~Pt :: (0 . 0005) (l.735) (22. 5 ) (0 . 284) 
(1 728n:) = 30 .1 pc-und s 
(20b ) Dlmension c-f intercooler block in direction of charce 
fl,)W fro,n equat ion (37) and items ( 5 ) , ( 6 ), (7), 
and (19) is 0 . 666 (0 . 0213 + 0.0(0592) ( 5 - 1) + 
0.0213 = 0. 0972 foct or 1.17 inches 
(20c) ioJjdth of i ntercooler block from equat.ion (38) and 
i tems ( 5 ), ( 6 ), (7), (1 3) , and (19) ~ s 
.2~50 (0 . 0213 + 0 . 000592) :: 9. 86 feet 
(20d) Vol-we of in~;ercooler block from oqu.:J.tion (39) and. 
item (4) is therefo:ce 
5 ~ x 0 . 0972 X 9 . 813 = 0.800 cubic foot 
o 
or 1382 cublc inches 
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(Thio arrangement; is suitable for int(;JJ:'coolers of tre annular 
tYl>e. The d l ::u:letel' of the annulus T •.;ould be al>Pl'oximately 9 . 06/3 .142 = 
3.1 ft.) 
(21) FroM. tables at top of fig\F'G 14(c) and item (16) 
21) 
°1 1 
(22) 
- -'1- = 3 . 51 horsep:::>iver p01' pound per second. of 
1" 2 
c~ "'.aree flOlf 
Also , hcr::30pm:-er per p ::nnd per oecond 
i2 
',"f charge flo''''' 
(23) Cooling pc,.t"er 
item (21) X 1-12 
2 
°1 
-- 6 . 10 ho]'sepo.,er 
(21) POI-leI- t o force tl:e cha,:'ge throuGh he intercooler 
Hem (22) X M2 
2 
°2 
= 2 . 14 horsepOiver 
(For convenience fig. 14(c) 0..180 gives items (20), (23), and 
(24) as percentages ~ f the oY'J.ke I10rsepover based on a specific 
fuel consumption of 0 . 50 l>0ur.d per brake horsopm".'Ol"-hour and 3. 
fuel - atr ratio of 0 . 080.) 
Cnse II (13,000 ft) 
The design of an inte cooler fo,: an al"'witude of 13,000 feet 
for the same e gine conditions, cooling effectiveness , tube di-
me~eionsJ and limitations as in caoe I . 
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From a table of s t andard altitudes 01 = 0. 671 , so that 
the value of 01~P1 is now 0 . 671 X 6 , which equals 4 . 0 inches 
of wate r . Figure 14(b) is thereL .. re user'l. . Items (1:S) and (14) 
of case I also apply here . 
and 
(25 ) I~ figu~e 14(b) a nd items (12 ) and (14) a re used 
Nd7, 
Iv12 := 26 . 5 
from whi ch the ",e J.ght f 1 01'] of the cool ing air 
Ml = 7 . 5 pc unds per second 
(27 ) I f figure ll(a) and itom (25) are used 
rnd 202 
s -
(20 ) Number of' t ube3 
N := 
item (2G) X M2 
(29) Tube spacing 
(26 . 5 ) (1. 736 ) 
( 5) (1/48 ) 
2650 
rnd 
s := -------- := O. 000r-14 foot := 0.0062 inch item (27) 
(30 ) W0ight of intercooler Lubes is: 
item. (7) X Hen (13) x i -:om (2::-) x rtPt 
(0. 000.5 ) (1. 73:3) (2 .n ( O.2P 4) (1 728rt ) = 
35 . 5 pound s . 
(31) F r om ta;)l e s a t top of fig lX'e 14( b ) and Hem (2 5) 
2 
°1 P1 
- M- = 2 . 18 horsepower per pound per second of 
2 
charge fl 0 W 
-- .- --
(32) 
(33) 
(34) 
Also , 
° 2p 2 2 
~ ::: 1.24 horsepower per pound per second (If 
charge flow 
item (32) X ~ 
2 
°2 
= 8.42 horsepovTer 
= 2.14 horsepower 
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(If the performance of an intercooler having 30 ballies of 
tubes is desired, fig . 15 is used. For other numbers of banks, 
linear interpolation between figs. 14 and 15 is sufficiently 
accurate . 'rhe value of mdls for a number of banks other than 
five is found b~r multiplying the value in fig . 11(a) by the ratio 
given in fig. ll( b ).) 
Case III (sea l evel ) 
The effect on inte~'coole:r dimensions and pel'fol'Inance of a 
change in 1'- ess ' tye d:'o'P of the cIIa.rge (02C1P2) from 10 inches 
of water (Lr which fibS . 14 and 15 have been d:!:'awn) to another 
value is ill ustrated bJ the follmving case . 
Suppose that in case I the charge press re drop Clp2 
(item ( 9)) is increased to 15 inches of water and tlat the other 
intercooler limitations , the desired intercooler dUlensions In-
cl uding N, and the engine characteristics remn,in the same. It 
is ciesired to find the effect of this increase of Clp2 on the 
cooling effectiveness and the characteristics of the intercooler. 
(36 ) Figu.re 16 (a) U;i ves ti.1e percentaGe to be added alsc-
bl~aically to the cool ing effectiveness 8i ven by figure 14 (c) 
i'or C'2LlP2 = 10 inches of \i3.tor . 1:1 figuTo 16(a) for 'lId = 40 , 
CJ:J..ClPl = 6 inches of water , and °261'2 = 15 inches of water, the 
correction is 2 per'cent . In case I the effectiveness was 75 per-
cent, so that the new effectiveness is 75 + 2 = 77 percent. 
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(37 ) From figure 16(b) the power required to force the 
charge through the intercooler increases to 3.21 hOY'se1'mTer . 
(38 ) NdI/M2 and the tube weight remaln the same . 
(3 9 ) Ml/~ remains the same . 
(40) F om fIGure ll(a) for u 26p2 = 15 inches of '-Tater 
and item (38 ), rod = a s. 
8 
(41) F; 'om item (40) and the const ant values of m and 
d the tube spacing s = 0 . 00532 inch . 
(42) Be oa;lSe 'i f the c10sGr tube spacing , tho entrance -exit 
loss of the cC'ol ing air d.ecr eas8s sl L(3htly , s o that Ml actuD.l-
ly inc~.·eases. The changes in Hl ovor the range of °261'2 
covered in fi.guJ"e l G ale negligible , how'ever , so that Hl and 
thus the pC~tT0r requi) ed t o force the cooling air through the 
inte. 'c':' ol er !'erna j ns s ubs-!;o.r.tia11y constant . 
Case IV (sea level) 
For the purpose of illl:stl'at ing the use of figures 8, 9, 
and 10 and of checking the results obtained from the inter-
cooler design charts (fiGS . ll, 14, and 15), let it be d.esired 
to check tho cooling effectiveness 1) and the pressure drops 
61'1 and 61'2 of the intercooler having the same physica l 
dimensions and tho same rate of cocling air and ch'J.ree flm-! 
a s in cas~ I. 
From case I the j.ntercooJ.el' 1'hysJco.l d.imensions are : 
Item (4), 7, :: 5/6 foot 
Item (5), d = 1/48 foot 
I tem (G), m = 5 banl'i:s of tubes 
Item ( 7 ) , t :: 0 . 0005 foot 
Item ( 1<'3) , N :: 2'2S0 tunos 
I tem (19) , s :: 0. 000592 foot 
Also the charge and c\~oling-ai r mass fl ow are 
I t em (13), M2 = 1.736 pounds per s e cond 
I t em (16 ), M1 = 8.0 pounds per second 
(43) From items (5), (16) , and (18) 
( 
\2 
1r x ~ I X 2250 
<i8; 
= 10.4 
(44) If figure 12 and items (5), (6), (7), and (19) are 
used 
f = 0 . 76 
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(45) If figure 10(a) and items (43), (44), and an average 
~ of 0 . 06 are used 
(46 ) From items ( .S ), (16), and. (18 ) 
Nil = 6 
Ml 
(47) Then from figu.re ( 9 ) and items (4 ), ( 5) , and (46 ) 
(~ ) = 40 x 0 . 90 = 36 
\ ;eq 
(48 ) J?..r ·""m f'iBure 10(b ) ar:.d items (43) .. (47), a.nd an avernGc 
f3 = 0 . 06 
0lLlPf .!' = 4 . 70 inches of water 
(4 9 ) From fig_lye 10(e) and item «(3 ) and an average r3 of 
0 . 0::: 
01L1Pff = 0 . 50 inch of water 
( 'JO) T_l.C total coC'1 'lng- air press~U'e drop obtained by ad.dine 
i.tems (f5) , U.8), and (49) is ; 
016Pl = 6 . 2 inches of water, as compared. w'ith 6 . 0 
inches water used in case I . 
(5l ) ~:he value of 6P2 will, of course, check "because it 
is taken from the same grapt (fig . 11) for the sume values of 
NdZ/M2 and md/s . 
(52) From i~ems (13) and (16) 
= 4. C 
(S3) 't-l:\ th the '.lse of fignre 9 and Hems (5)} (6 )} (l9)} 
an(1 (46) 
/md'\ 
t - I ::: 146 
\ 
B I 
.. '-e q 
(54) If teffis (52) and ( ~'3 ) are used and interpolation ::1.8 
is made ·.) etlTee~l 7 igl1res 8 (a) and 8 (0) fer U/d) eq = 36 (item 
( 41) ), then } 1) = 75 . " percent as compared vith 1)::: 75 percent 
in case T. 
A!1.'Tular Intercooler 
A t ,ypical ann').lar intercool "'r set - up is Sh ')Wll in f -cure 17 . 
The inte:ccooler forms a tOl'oid arQ\md the s"percharger directly 
behind tlle engine CoY 1 inders . The eng L1.G charge 1'10~'lS radiall 
outward from tIle SlJpercllargor +hl'ough a sni. t able nu.'Uber of pno-
sages to the ann1).1ar ch()lJ1ber) f r om where' i t flows across a small 
number of closely spaced tll.ue bants . '1'1.e clw.rge then flol"s from 
the annular CilaIDuer 1.r.L.O a s L~ita'bl0 n1-1JUUer f dncts leadinG J~o 
the cylinder intakes . In flight , one portion cf the cooling air 
enterill:3 the covrling is de f lected by ba"'flos arol-Uld the cylinder 
fins for engine coo'_ ing anCi. nother porti.:n is deflec ted into 
the cpentngs ·bet'..reen the cylinders . T:b5 s cool ing air flo,:.'s into 
the annular opening and tl::ccugh the tclbes "There it piclm up the 
heat of the charge. It is thon di.s~hal~ged iTlto the compartment 
behind Lhe engine, from vhere it flows through the covrling eJCi t , 
togetber wHh '::'he enBinc cool in,g air . 
A corapar:Lson of figure s 14 ( c) and 15 ( c) ShOHS tl1a t , :'or 
given cond '1 t lons of prossure drop and mass flow , the cooLing 
ei'fecttvonens i s increased oy reducing t.he number of tabe banks . 
An example .')f s uc1:J. a co:nparis0D is given in the following t.able , 
t o be uSbd' "ri tIl fIgures 14 ( c) and 15 (c) : 
Number of hams 5 30 
0 16P1 , ·i.nc1..e8 of' wa"'6r 
~ 6 ~ 
.'" 6. i.ncl\os c': V.'3."C cr 10 10 U .~ P2' ( . 
. 11/ M . .: 4 <1: 
lid 40 4 0 
Nd l 112 20 . 3 '")0 :-w. ... . ~ 
1') , percp.r.t 71 6· 
If d, l, a nd M2 r cma·:.n constant 1·rhile ~ . ..}.!.e nu~ber of 
tube banks is 'Jeing changed from 5 to 30, the munber of tubes 
a nd I'once t:le tube weig:'lt 21l.us t be increased in the rat 0 of 
22 . 5/20 . 3, as tr.e table 8110,,;s . At the same Vi.lle , the cooling 
er"fectiveness is r educed from 71 to to percont, 'lS :lllO~m . Thus , 
it is seen tha t the intercool el' C~ the ann'"uar t~rpe , ,,'hi c~1 il1 
most cases vould roq ~jre a ccmparat i vo l J sI!lal l number 0: bar:ks , 
i s sl lghtly ad vantaG'Jons ove1' t;\'P08 h<3.1f"lr.g a largo n TJlibor of I)anks 
because of tJ'G in.:::r88.l3od cool ir{; ei'red \. veness as vell o.s 'che red1.J.cecl 
tuoe 1Veight . Al s o J ~ll(; anm:lar l'Jte:'c.)oler r oce 'Lves its cooling air 
from vrith:n i.he co~'lil <.;) and r eg, lire s nc external 8J.~' 8COOP, Hhich 
' ''ould req'...liro an add .i:L ienal. expend jt u.ro of po~"'or i eCllLs e of 'it.s 
draB. 
CONCLUDING HE .. 1hR}:8 
The test r09u1 t s of tIl0 Gt.;S1: III t closely c:wcked tho 11erfom.-
ance 01 cross - 'no~r t'llmlar Jnterc()C'lerfl calc111atcrl .. L'''01l1 tIl'? equa-
tions derivGd from h0at - tr:ms ·~er U· .. 0or.r . T}o l'clatJ.vo C' ffocts on 
iutero('oler perfcIwance of va ... 1.: .18 i.nt rC0(:,ler d inono iOl:S __ re 
eas 1,/ dc/~<, rmi.ned Pr.)m t1-1..> desisn cl.orLs P't'E:S81 tJl!. . ]"10 dLoibT: 
c:C' 0.:1 i ~ho":'(;ColE.r , ,·rhi e,' hercc;cfcl'(" i.n ,. l.v· .. d the US 'l oi' cO!lsid.E.r-
able te s "" do. J~ and -'lao a t- io.1 ·ar:d - r"rrol' P ::::: COS8, :is gl'co.tly 
s :i..:!!lpl ;fied ry 0. 'Pl' ,:p(r cor:'ulllti.cn ')1 t~le varIable s involvod in 
~.J 
-- - -- - ---
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t.le prosent analys i s . The re s ul ting d.e s 5gn cha r·cs Shm-l that -';:,he 
pOv:0r r equi red in f-: rc ing the cool ing a ir a nd the c~large thro'J.gh 
a ,·rel t ·des igned intercooler is Sluall, S 0 that th:i.s pover is of 
s econu.a ry- importa nce to the ueight , the si ze, and t~e ruggedness 
uf cons t r l' ct ion 0 · ' the inte::'ccoler . Arulual inte.L~coolers 17i tll a 
small nl1m1e".<Jf tube banks ar,> sl~ghtly more efficient for a 
given "power E::xpen.d ·J. ture than intercQol e:::'s ,·6th a large number 
of ba nks. 
'1.'be l)oJ.' formance:;f a cross- flow tHbular lnte:ccoolor is 
pr a ct i ca l ly indollo1Jdent of ""he fuol-air ratio of the engine 
cha rge a t a charge ont let temperature 0::" 1400 F . 
Langley Memor ial Aer.)nautical Laboratory, 
Nati.onal Ad.vi s ory CorJJn:i. t tee for !-I.oronavt iCs , 
Langl ey Fiel d , Va . 
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Figure 5 . - Expe ri mental and theoretical variation in cooling effectiveness 
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